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Graphene nano platelets (GNP) have several attractive properties, including excellent lu-
bricity that can be used to develop wear-resistant coatings. Thermally sprayed chromium
carbideenickel chromium (Cr3C2eNiCr) coatings are widely employed to impart wear
resistance to engineering components. This work attempts to improve the wear resistance
of high velocity air fuel (HVAF) sprayed Cr3C2eNiCr coatings by incorporating GNP using a
hybrid approach in which Cr3C2eNiCr (powder) and GNP (suspension) are co-axially
injected. Two different powder-to-suspension delivery ratios were employed in this
study that utilizes a liquid feedstock in tandem with a HVAF system. Furthermore, for
comparison, a pure (without graphene) Cr3C2eNiCr reference coating was deposited by the
HVAF process using identical spray parameters. The as-sprayed coatings were character-
ized for their microstructure and phase constitution by SEM/EDS and X-Ray Diffraction.
Mechanical properties such as hardness and fracture toughness were evaluated using
micro-indentation technique. The hybrid coatings were subjected to dry sliding wear tests
and wear performance was compared with reference Cr3C2eNiCr. The GNP incorporated
hybrid coatings exhibited lower CoF and lower wear rates than the reference Cr3C2eNiCr
coating. Post wear SEM/EDS analysis revealed different wear mechanisms predominant in
the investigated coatings. Utilizing the above as a case study, this work provides key in-
sights into a new approach to produce GNP incorporated coatings for mitigating wear.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).related halts. Coatings of various materials such as ceramics,
1. Introduction
Wear contributes to inferior performance of engineering
components and often results in economic losses due to pre-
mature component failure and unscheduled maintenanceS. Mahade).
d by Elsevier B.V. Thismetals, cermets etc., are used to mitigate wear [1,2]. Material
choice for combating wear typically depends on the perfor-
mance requirements for the intended application. Among the
existing cermet coating compositions, WC-Co coatings are
preferred due to their exceptional wear performance [3e6].is an open access article under the CC BY license (http://
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(Cobalt) is known to be carcinogenic, which exposes the
operator to potential health related hazards [7,8]. Conse-
quently, increasingly stringent industry demands regarding
safety are gradually forcing component manufacturers to
move away from Co based compositions [9]. Cr3C2eNiCr
coatings could be a suitable substitute to WC-Co coatings, as
they demonstrate comparable wear performance under
erosive, cavitation, abrasive and sliding wear test conditions
[8,10]. Furthermore, it has been shown that Cr3C2eNiCr coat-
ings with minimal microstructural defects such as pores and
cracks have excellent wear resistance [8,10].
Thermal spray is often employed to deposit coatings that
combat wear and corrosion because the deposition rates are
relatively fast and a larger surface area can be coated rela-
tively easily [1]. Among the existing thermal spray processes,
atmospheric plasma spray (APS) is used to deposit ceramics
such as alumina, chromia based coatings to improve wear
resistance [11e13] whereas, high velocity oxy fuel (HVOF) and
high velocity air fuel (HVAF) are used to deposit metallic and
cermet coatings such as WC-CoCr, Cr3C2eNiCr etc. [14e17].
The processing conditions for HVAF and HVOF differ, with the
former involving a relatively lower particle temperature but a
higher particle velocity [18]. It was shown that Cr3C2eNiCr
coatings deposited by HVAF process possess excellent wear
resistance compared to HVOF sprayed Cr3C2eNiCr coatings
due tominimalmicrostructural defects such as porosity in the
HVAF coatings [8,10]. Furthermore, Cr3C2 based coatings are
sensitive to processing temperature as they are prone to
inflight decarburization [19]. Therefore, the HVAF process can
minimize the extent of decarburization in Cr3C2eNiCr coat-
ings and lead to dense, superior wear resistant coatings.
GNP have attracted attention of the scientific community
worldwide, partly because of their exceptional mechanical
properties such as high young's modulus (up to 1 TPa) [20] and
excellent tensile strength (up to 130 GPa) [21]. GNP can
comprise up to 20 layers of graphene and behave in a manner
similar to a single layer of graphene [22]. Furthermore, the
lower manufacturing costs of GNP as compared to graphene
[23], make GNP's an attractive reinforcingmaterials to achieve
performance related benefits, as expected with graphene, in
wide variety of bulk materials and coatings [24e26]. However,
the use of thermal spray process for producing GNP incorpo-
rated coatings presents challenges due to low density of the
GNP (problems with injection of the feedstock material) and
its tendency to oxidize at low temperatures (problems with
the GNP retention).
In the above context, GNP injection in the form of a sus-
pension could serve two purposes: provide adequate mo-
mentum to the GNP-containing droplet and minimize GNP
oxidation as the solvent can not only envelope the GNP but
also consume a significant part of the thermal energy. So far,
limited number of studies have been reported on GNP incor-
porated thermally sprayed coatings. Murray et al. employed
suspension-HVOF (SHVOF) process to deposit GNP incorpo-
rated alumina coatings and reported ultra-low coefficient of
friction, which aided in improving the wear performance [27].
Additionally, Venturi et al. deposited GNP on steel substrates
using SHVOF process by radial injection and reported
extremely low coefficient of friction (CoF) [28]. It has beenspeculated by the authors that the reason for opting radial
injection of GNP over axial injection was to avoid the GNP
exposure to the high thermal energy plume, which is experi-
enced during axial injection. However, Ganvir et al. utilized
suspension plasma spray (SPS), which has a higher processing
temperature than SHVOF, and demonstrated its capability in
retaining GNP (in YSZ matrix) via axial injection [29].
Furthermore, an innovative ‘hybrid’ powder e liquid feed-
stock combination has been previously shown to deposit
coatings yielding superior performance, including exceptional
wear resistance [30e34].
So far, to the best of the authors’ knowledge, GNP-
incorporated coatings deposited by the HVAF process have
not yet been explored. Moreover, injection of a suspension in a
HVAF torch is also a novelty. In this work, a hybrid approach
was considered,where Cr3C2eNiCr in powder formandGNP as
a suspension were injected coaxially to deposit GNP incorpo-
rated coatings by HVAF process. The motivation to opt for
HVAF process was to utilize its capability to deposit coatings
with minimal defects whereas GNP were chosen as a rein-
forcement to exploit their excellent mechanical properties for
imparting wear resistance. Furthermore, for comparison, Cr3-
C2eNiCr coating without GNP was deposited by HVAF process
using identical spray parameters. Detailed characterization of
the deposited coatings was performed using SEM/EDS, XRD
analyses and micro-indentation tests. Dry sliding wear tests
(ball-on-disc) were utilized to assess the wear performance of
the deposited coatings. Post wear analysis was performed
using SEM/EDS and Profilometry analysis to evaluate and un-
derstand the wear performance and wear mechanisms of
investigated coatings with and without incorporated GNP.2. Experimental method
Low carbon steel substrates of disc geometry (25.4 mm
diameter x 6 mm thick) were grit blasted with alumina of 220
grit size in order to obtain a surface roughness of approxi-
mately 3 mm (Ra). A commercially available (Amperit 588.059)
chromium carbide-nickel chrome 75-25 (Cr3C2eNiCr) powder
with a D50 of 18e24 mm and D90 of 30e40 mm, produced by
H€ogan€as Germany GmbH, Germany, was utilized. An experi-
mental, water-based suspension with a solid load content of
10wt. % GNP, was obtained from 2D Fab AB, Sweden. The GNP
were approximately 50 mm in length. Prior to spraying, the
GNP suspension was placed on rollers overnight to obtain
uniform GNP dispersion. An M3™ HVAF spray gun (Unique-
Coat; Richmond, USA) was used to deposit all the coatings
produced in this work. For processing of the hybrid coatings,
Cr3C2eNiCr powder and GNP suspensionwere simultaneously
injected (co-axial injection). A schematic of the hybrid
powder-suspension injection system developed in the au-
thor's lab is shown in Fig. 1.
Two variants of hybrid coatings were produced, which will
be hereafter referred to as ‘G1’ and ‘G2’ whereas the standard
reference Cr3C2eNiCr coating without graphene will be
refereed as ‘Cr3C2eNiCr-reference’. The rationale for G1 and
G2 spray settings was to incorporate graphene in varying
amounts during Hybrid spraying and evaluate the feasibility
to retain graphene in the coating. The spray parameters used
Fig. 1 e Illustration of the Powder-Suspension ‘Hybrid’
feedstock injection to produce GNP incorporated coatings.
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reported in Table 1.
As seen from the table, the spray parameters used for
depositing G1 and Cr3C2eNiCr-reference coating are similar,
except for co-injection of the GNP suspension. The starting
GNP content injected while processing the G1 coating was
approximately 3 wt.% of the total solid feedstock. In case of G1
and G2, the GNP suspension feed rate was kept the same
whereas the Cr3C2eNiCr powder feed rate was reduced by a
factor of two in order to alter the GNP content in the deposited
coatings. The starting GNP feedstock content utilized in pro-
cessing G2 coating corresponded to approximately 6 wt.% of
the total solid feedstock. The GNP wt.% in each hybrid coating
was calculated based on the ratio of solid load in the sus-
pension and powder feed rates.
The as-deposited coatings were sectioned, mounted and
polished using standard metallographic procedure discussed
elsewhere [35]. The polished cross-sections were gold sput-
tered and analyzed by SEM (TM 3000, Hitachi, Japan). Energy
Dispersive X-ray Spectroscopy (EDS) analysis on the polished
surface of the coatings was performed using a Leo 1550
Gemini SEM (SEM, Oberkochen, Germany) and a Zeiss Gemini
SEM 450 (Zeiss, Oberkochen, Germany). Porosity measure-
ments weremade by image analysis technique using the open
domain ‘ImageJ’ software [36]. Fifteen cross sectional SEM
micrographs at high magnification (2000 x) were considered
and mean values and standard deviation of the respective
porosity are reported. Hardness tests were performed on the
polished cross sections using Vickers Hardness tests (SHI-
MADZU Corp., Japan). Fifteen independent measurements
were obtained on each coating's polished cross section using
30.59 gf load and a dwell time of 15 s. A higher normal load
(3059 gf) was used to generate radial cracks at the indent
vertices for fracture toughness measurement, which was
determined using Equation (1) [37,38].
A¼0:079ð P
a1:5











111 100 105 60
G1 111 100 105 60
G2 111 100 105 60where ‘P’ denotes normal load, ‘c’ denotes average crack
length and ‘a’ denotes average half diagonal length of the
indent.
Analysis by X-rays diffraction (XRD) was performed on the
feedstock powder and on the as-sprayed coatings using a
Bruker AXS D8 advance diffractometer with Cr Ka radiation
(l ¼ 2.28970 A).
Ball-on-disc (BoD) configuration (TRB3 tribometer, Anton
Paar, Netherlands) was used to evaluate the dry sliding wear
behavior of the deposited coatings according to ASTM G99
standard at room temperature. Alumina balls (ST in-
struments, Netherlands) of 6 mm diameter were used as the
counter material. Prior to the test, the coated specimens were
polished to a surface roughness of 0.2 Ra (mm) using manual
polishing and ultrasonically cleaned with acetone. A normal
load of 15 N was applied for a sliding distance of 2500 m. The
linear velocity was kept at 20 cm/s. Humidity within the test
chamber was monitored using sensors throughout the dura-
tion of the test. Three tests were conducted for each coating
variant and the lowest CoF vs. sliding time is reported. Volume
loss from the worn coating was measured using white light
interferometry (Profilm 3D, Filmetrics, Germany). Specific
wear rates of the investigated coatings were calculated ac-
cording to Equation. 2 [8].
Spec:wear rate¼ Volume loss ðmm
3Þ
Load ðNÞ*Sliding distance ðmÞ (2)
The worn coating surface, the wear debris and the worn
alumina ball were analyzed by SEM/EDS and profilometry
analysis.3. Results and discussion
3.1. Microstructural analysis
Themorphologies of the startingmaterials used in the present
study are shown in Fig. 2. The surface SEM micrograph of the
Cr3C2eNiCr powder showed a cluster-like appearance, typical
of an agglomerated and sintered powder, according to Fig. 2(a).
The particle size was predominantly observed to be approxi-
mately in the 20e30 mm range. In contrast, the SEM micro-
graph of GNP showed a flake-like appearance whose length
was quite variable (30e70 mm range), according to Fig. 2(b).
Furthermore, GNP were devoid of agglomeration, which is
desirable to exploit the merits of GNP in the form of a rein-
forcement as agglomeration could lead to uneven distribution
of GNP in the microstructure.
The cross-sectional SEM micrograph of reference Cr3C2e










Fig. 2 e Surface SEM micrograph (SEI mode) of a) Cr3C2eNiCr powder b) Graphene Nano Platelets.
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The bulk of coating showed minimal defects such as pores
and cracks. However, a horizontal crack running through the
coating close to the surface (less than 5 mm from the top) was
visible. While some artefacts associated with specimen
preparation cannot be ruled out, a plausible explanation for
such cracks close to the coating surface could also be the lack
of peening effect on the last spray pass. For wear applica-
tions, it is desirable that the coating should be devoid of
cracks and other microstructural defects. Polishing of coating
surface prior to wear testing eliminates such near surface
defects. The coating thickness was measured to be
280 ± 10 mm. Higher magnification SEM micrograph of the
cross section in Fig. 3(b) showed the harder carbide phase
(gray appearance) surrounded by the binder phase (bright).
Furthermore, dark regions, which could be pores or pullouts,
can be seen in the SEM micrograph. The surface morphology
of Cr3C2eNiCr coating in Fig. 3(c) showed absence of rounded
particles, indicating minimal unmelts in the deposited
coating microstructure.
In the case of G1 coating, a defect-free interface with the
substratewas observed in the cross-sectional SEMmicrograph
at lower magnification, see Fig. 4(a). Furthermore, delamina-
tion crack close to the surface was observed. Thickness of G1
coating was measured to be 200 ± 10 mm. It should be
mentioned that fewer number of spray passes compared to
reference Cr3C2eNiCr coating were employed to deposit G1
coating. At higher magnification, the well-distributed carbide
phase (gray) and the binder phase (white) were clearly visible,
according to Fig. 4(b). However, GNP was difficult to identify
from the high magnification cross sectional SEM micrograph.
A probable reason could be due to their orientation in the
deposited coating, since the GNP are usually extremely thin.
Surface morphology of the G1 coatings showed minimal
unmelts, but was also characterized by the presence of dark,Fig. 3 e SEM analysis of the reference HVAF sprayed Cr3C2eNiCr
magnification cross section c) surface morphology.island like features, as observed in Fig. 4(c). Higher magnifi-
cation SEM micrograph of the dark phase revealed its di-
mensions to be approximately 30 mm in length, according to
Fig. 4(d). The island-like, dark phase noted in the top view
microstructure could be GNP as it matches the GNP
dimensions.
G2 coating also showed a dense microstructure with low
porosity andminimal cracks in the bulk of coating, along with
delamination crack close to the surface, according to low
magnification cross sectional SEM micrograph in Fig. 5(a).
Thickness of the G2 coating was 180 ± 10 mm. Cross sectional
SEM micrograph at higher magnification showed well-
distributed carbide phase and the binder phase, according to
Fig. 5(b). However, GNP was difficult to identify from the
higher magnification cross sectional SEM micrographs. Sur-
face morphology of the G2 coating at lower magnification
showed minimal unmelts along with a dark phase embedded
in the coating, according to Fig. 5(c). As in case of G1, a closer
examination of the dark phase at higher magnification
showed flake-like appearance suggestive of GNP presence, as
observed in Fig. 5(d).
The porosity content in all the investigated coatings was
comparable and measured to be <3%, which is desirable for
mitigating wear and corrosion. To confirm that the dark
phases observed in both coatings are GNP derived, SEM/EDS
analyses were performed on the polished surface of the G1
coating and the results are shown in Fig. 6. The back scattered
electron image in Fig. 6(a-b) clearly reveal the presence of thin
flat flakes on the Cr3C2eNiCr matrix. The EDS maps (see
Figure. 6c) acquired from the area highlighted in Fig. 6(b)
reveal the features are Carbon-based and appear rather thin
as thematrix features below are visible as well. Similar carbon
features were not observed on the surface of the polished,
GNP-free Cr3C2eNiCr reference specimen, which further
confirms that the observed phase was derived from GNP.reference coating a) low magnification cross section b) high
Fig. 4 e SEM analysis of the HVAF sprayed G1 (Hybrid) coating a) lowmagnification cross section b) high magnification cross
section c) low magnification surface morphology d) high magnification surface morphology showing GNP-like appearance.
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 3 : 4 9 8e5 1 2502Raman measurements were performed to analyze the
physical state of GNP within the sprayed coatings. However,
due to the high amount of carbon in the Cr3C2eNiCr matrix,
Raman analysis was not found to be effective in differenti-
ating the presence of GNPs in the carbon-rich matrix on ac-
count of superposition in the acquired Raman spectra of the
graphene bands on those of the carbides (Cr3C2eNiCr). In
order to be able to distinguish the GNPs from the carbon-Fig. 5 e SEM analysis of the HVAF sprayed G2 (Hybrid) coating a)
section c) low magnification surface morphology d) high magnicontaining Cr3C2eNiCr matrix, functionalized GNPs will be
investigated in a forthcoming work.
Based on the top view and cross-sectional SEM analysis,
the reference Cr3C2eNiCr and the two ostensibly GNP-
incorporated coatings bear microstructures that show simi-
larities in terms of coating integrity, defects etc. However, the
only difference is the presence of carbon-rich dark phase
derived fromGNP, in the case of G1 and G2 coatings, accordinglowmagnification cross section b) high magnification cross
fication surface morphology showing GNP-like appearance.
Fig. 7 e XRD analysis of the Cr3C2eNiCr feedstock,
Cr3C2eNiCr reference coating, G1 coating and G2 coating.
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seem to compromise the splat cohesion as the bulk of the
coating was devoid of cracks. Furthermore, the G1 and G2
coatings also showed similar microstructural features (mini-
mal unmelts, low content of defects such as pores etc.),
although they were deposited using different powder-
suspension feed rate ratios (higher GNP wt. % and lower
overall injected solids for G2 than G1).
3.2. XRD
XRD analysis of the Cr3C2eNiCr feedstock powder and as-
sprayed coatings are shown in Fig. 7. In the feedstock pow-
der and as-sprayed coatings, two distinct crystalline phases,
i.e. Cr3C2 phase and Ni-based metallic phase, were detected.
However, in the as-sprayed coatings, the XRD peaks appear
broader when compared to the peaks acquired from the
feedstock powder. Such broadening in the peaks can be
attributed to amorphization and/or grain refinement of the
phases upon spraying [39,40]. Previous studies on HVAF
sprayed Cr3C2eNiCr coatings suggests that the amorphization
of the metallic matrix can be attributed to the rapid solidifi-
cation occurring after spraying [41,42] or due to severe plastic
deformation when the particles are colliding with the sub-
strate [43]. The peaks broadening of the Ni(Cr) phase is clearly
visible in the case of reference Cr3C2eNiCr and G2 coatings. In
fact, the X-ray peak of the (111) crystallographic plane of the
Ni(Cr) phase indexed at around 68 in X-ray spectrum of the
feedstock powder, appear broad and with a strongly reduced
intensity in X-ray spectrum of the reference Cr3C2eNiCr and
G2 samples, see Fig. 7. In the X-ray spectrum acquired from
the G1 sample, the (111) peak of Ni(Cr) phase had highest in-
tensity, suggesting that the crystallinity of the Ni(Cr) metallic
matrix of the G1 sample was higher compared to the sprayed
reference Cr3C2eNiCr and G2 coatings. These findings suggestFig. 6 e Representative SEM micrographs (BSE mode) of GNP on
indicated by white arrows in a) and b). EDS maps c) showing the
with a white dashed box.that the introduction of the GNP suspension upon spraying
the G1 composite influences the thermal history of the
NiCreCr3C2 in flight. It can be hypothesized that when
spraying the G1 composite coating, the Cr3C2eNiCr particles
are characterized with a lower in-flight particle temperature
due to the introduction of the GNP suspension, as compared
when spraying with a conventional HVAF process (i.e. the
reference Cr3C2eNiCr coating). The lower in-flight particle
temperature can result in a higher crystallinity of the struc-
ture of the sprayed coatings, as previously observed in the
case HVOF sprayed Cr3C2eNiCr coatings [44]. In the case of the
G2 composite the effects of the GNP suspension on the parti-
cle's thermal history is compensated by a reduced Cr3C2eNiCr
feed rate, see Table 1. Nonetheless, the as-sprayed coatingsthe polished surface of the GNP-containing coatings
distribution of C, Ni and Cr in the location highlighted in b)
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 3 : 4 9 8e5 1 2504did not reveal any undesirable decarburization of the carbide
phase and formation of new phases, which is beneficial in
achieving the desired wear performance.
3.3. Mechanical properties determined using micro-
indentation
Hardness results of deposited coatings in Fig. 8(a) show com-
parable hardness values for the reference Cr3C2eNiCr, G1 and
G2 coatings. Different factors such as phase composition,
coating microstructure (e.g. unmelts), porosity content, re-
inforcements (such as GNP content) etc. influence the coating
hardness [45e49]. Although SEM analysis confirms the pres-
ence of carbon-rich phase derived from GNP in G1 and G2
coatings, the hardness appears to be similar for cermet coating
with and without GNP. Furthermore, XRD analysis does not
suggest any alteration of phase content in the deposited coat-
ings with and without GNP. It could be possible that the pres-
ence of GNP in the hybrid coating are offset by the relatively
poor cohesion at the GNP/Cr3C2eNiCr interface. As Fig. 8(b)
shows, the fracture toughness measurement of the deposited
coatings also shows comparable values after taking into ac-
count themeasurement uncertainty. It could also be seen that
the uncertainty in fracture toughness measurement was
highest for the GNP containing hybrid coatings G1 and G2,
suggesting inhomogeneousGNPdistribution in theCr3C2eNiCr
matrix. Fracture toughness of the coatings investigated in this
work were slightly higher than those reported by Matikanien
et al. for similar coating chemistries [35]. Coatings with higher
fracture toughnessaredesirableas theypossessexcellentwear
resistance [50]. It should also be emphasized that the micro-
indentation method estimates only the localized mechanical
properties rather than the overall properties [48].
3.4. Sliding wear test
The coefficient of friction (CoF) vs. time plot of reference Cr3-
C2eNiCr (without GNP) is shown in Fig. 9 (a), where A, B and C
represent different reference specimens testedunder identical
conditions. Running in stage and the steady state regimeof the
CoFcurvecanbeclearlydistinguished inall the testedcoatings.
Furthermore, the steady state CoF value for all the reference
Cr3C2eNiCr coatings (A, B and C) were in the range of 0.3e0.4,
indicating microstructural homogeneity in the reference
coating. In the case of GNP incorporated hybrid coatings, G1
coating showed difference in steady state CoF values for the
three test specimens (G1-A, G1-B, G1-C) where one of the G1
coatings (G1-C) had CoF values similar to the referenceFig. 8 e Mechanical properties of the as-deposited coatings det
Fracture toughness.Cr3C2eNiCr coating, see Fig. 9(b). However, G1-A and G1-B
coatings showed lower (approximately half) steady state CoF
values than the reference coating. The lower CoF values for G1
coatings (G1-A and G1-B) could be attributed to the presence of
GNP,whichpossesslowCoFduetotheirself-lubricatingnature.
The lowCoF results are in agreementwith the literaturewhere
Murrayetal.,Venturietal.andDerelizadeetal. reportedsimilar
trend of reduction in CoF values for GNP incorporated coatings
[27,51,52]. Furthermore, the difference in CoF values under
identicaltestconditionsforG1-C,ascomparedtoG1-AandG1-B
coatings, suggests inhomogeneous distribution of GNP in the
microstructure. One reason for such inhomogeneous distribu-
tion of GNP can be associated to processing related challenges,
where high back pressure during GNP suspension feeding
resulted in pulsating nature of injection. With the absence or
insignificant presence of GNP in the wear track, the coating
behavessimilar to thereferencecoatingandthiswasevident in
the case of G1-C coating. Similar scatter was observed for G2
coatings in Fig. 9(c) where G2-B coating showed lower CoF
(steadystateCoFof0.2) thantheG2-AandG2-Ccoatings (steady
stateCoFofapprox.0.3), indicatingnon-uniformdistributionof
GNP in the coatings. In the best-case situation, i.e. with GNP
availability in the wear track, the CoF was shown to be lower
(approximately half) for G2-B coating than the reference Cr3-
C2eNiCr coating. For comparison, the lowest CoF vs. time
trendsobserved in the referenceCr3C2eNiCrcoating,G1andG2
coatingsareshowninFig. 10.Resultsdemonstrate that theGNP
incorporated hybrid coatings (G1 and G2) exhibit lower CoF
compared to the reference hybrid coatings. Coating with low
CoF can be beneficial in achieving excellent wear resistance
[28]. Furthermore, for identical load conditions, the CoF values
were shown to be lower in this work compared to the HVOF
deposited Cr3C2eNiCr coatings reported elsewhere [8].
Specific wear rate of the reference Cr3C2eNiCr coating was
higher than of the GNP incorporated hybrid coatings (G1 and
G2), according to Fig. 11. Among the hybrid coatings, G1
showed the lowest specific wear rate. The specific wear rate
results are in agreement with the CoF results, where the
coatings with lower CoF values showed lower wear rates. The
uncertainty (error bars) in specific wear rate measurement of
reference Cr3C2eNiCr coating was smaller compared to the
hybrid coatings, indicating microstructural homogeneity.
Furthermore, increasing the GNP to Cr3C2eNiCr feed rate ratio
in the case of G2 does not seem to provide added benefit in
further lowering the wear rate, although G2 showed higher
mean hardness than G1. Similar findings were reported by
Ramachandran et al. where coatings characterized by higher
hardness demonstrated inferior wear resistance [53].ermined using micro-indentation technique a) Hardness b)
Fig. 9 e Coefficient of friction (CoF) evolution during ball-on-disc (BoD) testing of a) Cr3C2eNiCr reference coating b) G1
coating and c) G2 coating. A,B,C represent 3 independent BoD tests performed on each coated specimen.
Fig. 10 e CoF comparison of the Cr3C2eNiCr reference coating, G1 coating and G2 coating.
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Fig. 11 e Specific wear rates of the as deposited coatings
subjected to room temperature BoD tests.
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 3 : 4 9 8e5 1 2506Nonetheless, GNP incorporated Cr3C2eNiCr coatings exhibited
lower wear rates and lower CoF compared to the reference
coating without GNP. Post wear analysis of the investigated
coatings could shed light on the wear mechanisms, which led
to difference in their wear performance.
3.5. Post- sliding wear test analysis
Post wear SEM/EDS analysis was performed on the reference
coating (relatively inferior wear performance) and G1 coating
(which yielded the most superior wear performance). The
surface SEM micrograph of the reference Cr3C2eNiCr wear
track shows three distinct phases i.e. bright, grey and dark,
according to Fig. 12. The bright and dark phase correspond to
the chromium carbide and binder phases, which were also
identified in the as-sprayed coating cross sectional micro-
structure of the reference Cr3C2eNiCr coating. The elemental
maps reveal the presence of oxygen and chromium in the dark
regions, indicating the tribo-oxidation as one of the prevailing
wearmechanisms. During the ball-on-disc test, debris formed
in the initial stages comprised of larger particles. Some of the
larger debris escape the wear track whereas some remain
trapped. As test progresses, the trapped debris get finer. The
finer debris oxidize as a result of thermal energy generated
due to friction between the two mating surfaces (alumina ball
and coating surface). The oxidized debris are eventually
smeared on the coating surface. Such tribo-oxide formation
was shown to be beneficial in lowering the coefficient of fric-
tion andwear rate [54]. However, the capability of tribo-oxides
to improve wear performance depends on several important
factors such as the adhesive strength of the tribo-oxide film
with the coating surface, its composition, test conditions etc.
Similar findings were also reported for ball-on-disc tested
Cr3C2eNiCr coatings in a prior study where tribo-oxidation
was one of the dominant wear mechanisms [8]. Additionally,
the wear debris trapped within the wear track led to micro-
cracking of the harder Cr3C2 phase and microcutting of the
ductile NiCr phase, according to Fig. 12(b), indicating the
predominance of abrasive wear mechanism. Some regions ofbrittle fracture in the coating, leading to carbide pullout could
also be seen in Fig. 12(c).
The post-test debris showed fine and larger particles, ac-
cording to the SEM micrograph in Fig. 13. Elemental maps of
the debris confirmed well distributed Cr, Ni and Al, indicating
the material loss from both the coating surface and the ball
surface. The mating alumina ball surface was also examined
at the conclusion of each test. The unusual ball scar shape
comprises of a circular scar apparently superimposed on an
elliptical shaped scar, according to the SEM micrograph
shown in Fig. 14(a). The major axis length of the elliptical scar
was approximately 1mm. It seems that the scar had a circular
shape at the initial stages of the test, which later evolved into
an elliptical one with test progression. The elliptical shape of
the ball wear scar could be attributed to the accumulation of
wear debris in the vicinity of the surfaces in contact i.e.
alumina ball and the coated specimen.
The SEMmicrograph of the worn G1 coating surface at low
magnification in Fig. 15 (a) shows a well-distinguished wear
track. Closer examination of the wear scar in Fig. 15(b) shows
similarities with the reference Cr3C2eNiCr where bright, grey
and dark phases were noted. However, the dark phase on the
worn G1 coating surface appears to be elongated compared to
the rounded dark phase observed in worn reference Cr3C2-
eNiCr coating. Elemental maps confirm the presence of ‘O’,
‘C’, ‘Cr’ and ‘Ni’, which suggest the presence of tribo-oxidation
as one of the wear mechanism. It seems that the dark phase
(‘carbon’-rich phase) accommodated the in-situ formed tribo-
oxides (oxides of chromium). Furthermore, abrasive wear and
brittle coating fracture in Fig. 15(b) coating indicate similar
wear mechanisms (tribo-oxidation, abrasive wear, brittle
fracture) operating in G1 and reference Cr3C2eNiCr coatings.
The post wear debris of G1 coating comprised both large
and fine particles, according to SEM micrograph shown in
Fig. 16. Elemental maps confirmed the presence of ‘Ni’, ‘Cr’
and ‘Al’, indicating material loss from the coating and
alumina ball surface. Furthermore, the debris from alumina
ball for G1 tested coating was relatively large, in contrast to
the debris collected from reference Cr3C2eNiCr coating that
showed relatively finer alumina particles. The relatively larger
size alumina debris collected in the case of G1 coating could
have been thrown out of the wear track during the initial
stages of test, instead of being trapped between the contact
surfaces. The alumina ball used as a counter material for G1
coating showed an elliptical shape wear scar, whose major
axis was approximately 600 mm, according to Fig. 14(b). The
ball wear scar for G1 coating was smaller in dimension
compared to the reference Cr3C2eNiCr coatings.
The reference and hybrid coatings showed comparable
microstructural defects (porosity content) and mechanical
properties, indicating that the incorporation of GNP did not
compromise the microstructural integrity of hybrid coatings.
Furthermore, with comparable mechanical properties and
defects, the evident differences in wear behavior of conven-
tional and hybrid coatings can be primarily attributed to the
presence of GNP in hybrid coatings. Although the wear
Fig. 12 e Top surface SEM micrographs (BSE mode) of worn Cr3C2eNiCr reference coating showing a) tribo-oxidation and its
corresponding EDS analysis b) Abrasive grooving c) brittle fracture.
Fig. 13 e SEM/EDS analysis of the wear debris obtained from the Cr3C2eNiCr reference coating.
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Fig. 14 e SEMmicrographs (BSE mode) of the alumina ball wear scar for a) Cr3C2eNiCr reference coating b) G1 hybrid coating.
Fig. 15 e Top surface SEM analysis of worn G1 coating showing a) low magnification SEM micrograph of wear track b) high
magnification SEM micrograph and its corresponding elemental maps.
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without GNP (reference) were similar i.e. tribo-oxidation,
micro-cutting of the ductile phase and micro-cracking of the
harder carbide phase, brittle fracture of the carbide etc., the
additional smearing of tribo-oxides (oxides of chromium) on
the carbon-rich phase derived from GNP in G1 coating could
have led to lower CoF and lower specific wear rates for G1coating compared to reference Cr3C2eNiCr. A schematic
illustration of the wear slidingmechanisms in the Cr3C2eNiCr
coating with and without GNP is shown in Fig. 17 where the
carbon-rich phase in G1 coating acts as the accumulation site
for the tribo-oxides. The improved wear resistance of G1
coating was also evident from the relatively smaller alumina
ball wear scar length. Furthermore, the stable (no spike) CoF
Fig. 16 e SEM/EDS analysis of wear debris collected after BoD testing of G1 hybrid coating.
Fig. 17 e Schematic illustration of the dry sliding wear mechanisms in HVAF sprayed Cr3C2eNiCr coating a) with GNP b)
without GNP.
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coatings indicates that the in-situ formed tribo-oxides
adhered well to the coating surface with progress in test time.4. Conclusion
In this work, for the first time, a hybrid ‘powder-suspension’
feedstock approach was utilized to deposit GNP-incorporated
Cr3C2eNiCr coatings (G1 and G2) by HVAF process. For com-
parison, a reference Cr3C2eNiCr coating (without graphene)
was also deposited by HVAF process. SEM, XRD analysis and
micro-indentation tests were used to perform detailedcharacterization the HVAF deposited Cr3C2eNiCr coatings
(with and without GNP). Dry sliding wear test conditions were
used to evaluate the wear behavior of the deposited coatings.
Post wear analysis was performed using SEM/EDS and profil-
ometry analysis to gain further insights. It was shown that:
 Suspension injection in HVAF process is a facile approach
to incorporate GNP in a powder-derived wear coating using
a hybrid approach.
 SEM analysis of the GNP incorporated coatings (G1 and G2)
and the reference Cr3C2eNiCr coating had similar micro-
structures, in terms of coating integrity, minimal unmelts
and defects.
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 3 : 4 9 8e5 1 2510 SEM/EDS analyses of the GNP incorporated coatings
confirmed the presence of carbon-rich, GNP derived phase
in the as-sprayed coatings.
 XRD analysis of the feedstock and as-deposited coatings
showed the presence of two crystalline phases: Cr2C3 and
Ni(Cr). Furthermore, no decarburization of the carbide was
observed in all the HVAF sprayed coatings.
 The coefficient of friction and specific wear rates were
lower for GNP incorporated G1, G2 coatings compared to
the reference Cr3C2eNiCr coating.
 Wear mechanisms for GNP incorporated and reference
coatings were similar, where tribo-oxidation, abrasive
wear and brittle fracture were predominant in the tested
coatings. Furthermore, debris analysis showed material
loss from the coating and ball surface for coatings with and
without GNP. However, the ball scar dimensions and the
debris particle size differed in the tested coatings.
This work amply demonstrated that carbon-rich phase
derived from GNP can be retained in the HVAF sprayed coat-
ings using powder-suspension ‘hybrid’ feedstock injection
route. Although its quantification in the deposited coatings
still remains a challenge, the benefits of GNP incorporated
coatings in terms of wear performance (lower coefficient of
friction, lower specific wear rates) are clearly evident and, at
the same time encouraging to develop superior wear-resistant
coatings. Furthermore, homogeneous GNP distributionwas an
issue in the current study as the fracture toughness and CoF
values for hybrid coatings varied during test repetitions
compared to the reference coating. Addressing the processing
related challenges i.e. the pulsating nature of suspension in-
jection due to high back pressure, can help to overcome the
inhomogeneous distribution of GNP. Additionally, utilizing
finer GNP feedstock (<5 mm length) in the form of suspension
could be beneficial in achieving homogenous distribution of
GNP in the deposited coating, which could further enhance
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